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by Edward J. Klekowski, Jr.*
Recent researches on the royal fern, Osmunda regalis, have documented a high incidence of post-
zygotic mutational damage in a population growing in a river heavily poiluted with paper processing
wastes, whereas genetic studies ofnearby populations in nonpoHluted environments failed to detect muta-
tional damage. Intensive genetic and cytogenetic studies of mutation in 0. regalis indicates that natural
populations of homosporous ferns may be useful in situ bioassay systems for monitoring the presence of
mutagens in aquatic ecosystems. Since these organisms are long-lived perennials with an ontogenetic
system which stores mutational damage, they can be manipulated to give an integrated estimate of
mutational damage for specified blocks of time (in units of years). Thus, the fern bioassay may be an
inexpensive means of detecting both chronic low dose and episodic high dose inputs of mutagenic pollu-
tants into aquatic ecosystems.
The fern mutagen bioassay is based upon the detection ofnumerous categories ofpost-zygotic mutation
load in natural fern populations. The frequency of sporophytic and embryonic lethals, leaf or root
mutations, auxotrophic gametophytic mutations as well as numerous phenotypic alterations of
gametophyte morphology can be routinely detected and quantified. In addition, various two-break
chromosome aberrations (paracentric inversions, reciprocal translocations andringchromosomes) can be
readily screened for in the spore mother cells of many homosporous ferns.
Introduction to the Problem
The detection of dispersed mutagens in ecosys-
tems involves overcoming a number of obstacles:
generally the chemical nature of the mutagen or
mutagens is unknown; these unknowns are quite
often in low concentration and may be episodic with
reference to their presence in the environment; and
finally, the mutagenic material may be restricted to,
or more concentrated in, a specific portion of the
environment (for example, in an aquatic environ-
ment the mutagens may be in the water or bound to
organic material or clay micelles). Because ofthese
complexities the employment of a single assay pro-
tocol to screen ecosystems for dispersed mutagens
runs a high risk of generating "false negatives,"
i.e., not detecting mutagenic activity when muta-
gens are present. Thus satisfactory screening of an
ecosystem must be based upon diversity of assay
protocols.
Four general approaches appear feasible for
mutagens. These four assays either concentrate
mutagens from an ecosystem by physical or biologi-
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cal means or detect mutational damage in test or-
ganisms by the dispersed mutagens. The following
list will illustrate these assays: (1) sampling and
concentrating a fraction of the environment (atmo-
sphere, water, and soil) and assaying for
mutagenicity with a laboratory based assay (1), (b)
introducing the mutagen assay organism into the
environment for a period of time and monitoring
changes in mutation rate (2); (c) using indigenous
bioconcentrators to accumulate material from the
ecosystem and then testing extracts of these or-
ganisms with laboratory based mutagen assays (3,
4); and (d) measuring genetic damage in selected
populations of organisms naturally occurring in the
ecosystem, an in situ bioassay (5). This latter ap-
proach will be the subject of this communication.
Requirements of an In Situ
Bioassay
An in situ bioassay is based upon the detection of
genetic damage in selected components ofthe indi-
genous biota of the ecosystem being studied. The
organisms selected to function as bioassays should
be capable ofbeing manipulated to fulfill a number
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is warranted, as this will acknowledge the problems
inherent in the development of such assays as well
as give criteria tojudge the merits ofthe fern assay.
Obviously the most important feature of the
species selected as an assay is the ability to detect
genetic damage in natural populations of this or-
ganism. The genetic damage should encompass a
number ofdifferent genetic endpoints (both various
chromosomal and genic mutational changes) and
should be distinguishable from the components of
genetic load normally present in populations ofsex-
ually reproducing organisms. Ideally, the genetic
damage attributable to recent post-zygotic muta-
tions should be detectable and distinguished from
background mutational load. Other features of an
organism used in this kind of bioassay include: a
sessile life form to help document the origin and
nature of the mutagens, a perennial habit with an
ontogenetic system which allows the storage and
accumulation of mutations in the somatic cells of
the organism (this will result in a system sensitive to
episodic inputs ofmutagens), and a sufficiently well
understood and regular ontogeny to help date the
occurrence ofmutations in terms ofthe chronology
of the organism. Finally, if the organism is a
bioconcentrator of promutagens and mutagens,
possesses the necessary metabolism to activate
promutagens to mutagens, and is ubiquitous
ecologically, this organism will be an ideal candi-
date for an in situ bioassay system (unless the or-
ganism is highly insensitive to the effects of muta-
gens, i.e., can exclude mutagens from the cellular
environment, can inactivate mutagens, or possesses
highly efficient repair systems).
The Fern Assay
The use of fern species as in situ bioassays for
mutagens dispersed in ecosystems is based primar-
ily upon the numerous genetic endpoints that can be
assessed for genetic damage. Any discussion ofthe
relevance of this plant in such research therefore
must begin with some understanding of the life
cycle of this organism and how it can be manipu-
lated. Since a detailed description of the
methodologies involved in using this bioassay has
been presented recently (5), thefollowingdiscussion
will be primarily an overview.
The life cycle of homosporous ferns is charac-
terized by an alternation ofindependent autotrophic
haploid (the gametophyte) and diploid (the
sporophyte) generations. The dominant generation
is the sporophyte generation which is complex mor-
phologically and distinct from the gametophyte
generation. Studies on the population biology of
these plants have developed methods to screen for
genetic load in these organisms (6). A sporophyte
genotype can be screened readily for the presence
of sporophytic and gametophytic mutations (lethals
and various other detrimental phenotypes) because
of the ease of culturing the fern gametophytes and
their hermaphroditic nature. Fern gametophytes
can be cultured on agar solidified inorganic nutrient
and grown under continuous fluorescent illumina-
tion. They generally reach sexual maturity in two
weeks to three months, depending upon the species.
At sexual maturity the gametophyte bears male and
female gametangia, and these gametangia form ga-
metes through mitotic divisions; thus all of the ga-
metes formed by a single gametophyte have iden-
tical genotypes. The self-fertilization of a
gametophyte results in a completely homozygous
zygote genotype being formed. If the gametophyte
genotype contains a recessive mutation affecting
genes expressed only in the sporophyte generation,
that mutation will be homozygous and expressed.
Where this mutation is a recessive sporophytic le-
thal, the zygote will abort. By the same reasoning,
other kinds of mutations can result in sporophytes
being formed with aberrant phenotypes. By
capitalizing upon these genetic aspects of the life
cycle, a fern sporophyte genotype can be screened
readily for heterozygosity for recessive sporophytic
lethals. [Experimental details of this analysis have
been given elsewhere (7)]. Such recessive lethals
may represent either the normal genetic load found
in all species of sexually reproducing organisms or
an additional component due to mutational damage
from an offending mutagen. Since genetic load var-
ies quantitatively both inter- and intraspecifically,
this parameter is a meaningful estimate of muta-
tional damage only when the normal genetic load
background is low or nearly absent.
Recessive sporophytic lethals can be used in a
more laborious test for mutational damage. This in-
volves obtaining samples of meiotic products from
different parts of the same sporophyte and com-
paring the genotypes present in these two spore
samples. When recessive sporophytic lethals are
present in one spore sample and absent in the other,
these lethals represent post-zygotic mutations, and
their frequency is a useful index of the mutagenic
propensity of the environment. Details on the ge-
netic procedures involved in this kind of analysis
have been given by Klekowski (8).
Genetic endpoints which are attributable primar-
ily to recent mutations are available and represent
categories of mutational damage which generate
aberrant phenotypes not encountered in routine ge-
netic load studies in ferns. These phenotypes are
important, especially in the use of ferns as in situ
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mutational damage. Various categories of
gametophytic mutations are extremely rare in natu-
ral populations of ferns. Since the gametophyte
generation is independent of the sporophyte gener-
ation in these plants, mutations which either reduce
the viability of this generation or prevent the for-
mation ofgametes will not establish polymorphisms
in fern populations. A number of categories of
gametophytic mutations have been documented in
mutational studies (5, 7).
Spore formation in ferns is preceded by meiosis;
thus the immediate progenitor of the haploid spore
is the diploid spore mother cell. Genetic studies
have indicated that many ofthe gene products pres-
ent in the spore mother cell are present also in the
spore; thus the gene products present in the spore
reflect the diploid genotype ofthe spore mothercell
rather than the haploid spore nucleus. If a spore
mother cell is heterozygous for various recessive
mutations which control specific aspects of metab-
olism functional in both gametophyte and
sporophyte, the meiotically derived spores that
have these recessive mutations will germinate and
mitotically divide a few times prior to cessation of
growth. This is the result of gene products present
inthe cytoplasm ofthe spore which are the products
of the wild type alleles in the spore mother cell
being used up after a period of growth. Thus when
the gametophyte starts to depend upon gene prod-
ucts coded by its own nuclear genotype, any muta-
tional defects result in the termination of growth.
The resulting phenotype is a very small
gametophyte (3-10 cells). Such mutants have been
called "presumptive auxotrophs" (5) and must rep-
resent post-zygotic mutations in the sporophyte. In
addition to this mutant, gametophytes occur which
lack the capacity for regular and organized growth.
Rather than the normal cordate shape such
gametophytes form an irregular calluslike mass and
are considered post-zygotic mutations also.
Both of the above gametophyte mutations result
in highly abnormal gametophyte phenotypes.
Another kind of gametophytic mutation has been
documented in mutational studies. Klekowski and
Davis (9) reported a class of mutations which re-
sults in a smaller gametophyte with a normal mor-
phology which exhibits a strong maternal effect in
that sporophytes which form on this gametophyte
lack leaves regardless ofthe genotype ofthe zygote.
Since these mutations only occurred in apopulation
of Osmunda regalis known to carry a high fre-
quency of recently induced chromosomal muta-
tions, it was concluded that this mutant phenotype
was caused by deletions ofchromosome material.
In addition to the various kinds of sporophytic
and gametophytic mutations, many ferns can be
screened readily for two-break chromosome muta-
tions. Heterozygosity for chromosomal rearrange-
ments such as paracentric inversions, reciprocal
translocations, and ring chromosomes can be de-
termined readily in many species offerns (5). Since
such chromosome rearrangements are rare in nor-
mal populations of ferns (there are no documented
cases of such polymorphisms in spite of numerous
cytological studies), their presence generally indi-
cates a recent mutational origin.
A consideration of the morphology and anatomy
of homosporous ferns reveals an organism almost
ideal for the storage and perpetuation of various
post-zygotic mutations. The apical meristem ofthis
plant is based upon an apical cell with three cutting
faces (10); this cell divides to give rise to daughter
cells which continue to undergo mitosis. Thus all of
the cells in the body of the rhizome are derived
ultimately from the apical cell. A mutation in this
cell eventually will be passed to all of the sub-
sequent cells of the rhizome. The leaf primordia
also are organized on an apical cell pattern; again, a
mutation occurring in a leaf apical cell will be
passed on to all of the subsequent cells of that
organ. Thus the meristems of many homosporous
ferns will perpetuate recessive sporophytic and
dominant and recessive gametophytic mutations if
they occur in the apical cells of the various meri-
stems ofthe sporophyte.
The growth and development of the sporophyte
of many homosporous ferns is extremely regular
and patterned. Leaves originate in fairly predictable
patterns and chronologies and the rhizomes
dichotomize to form networks of interconnected
apices. This regularity can be used to date when
various mutations have occurred by analyzing the
chimeric distribution of a given mutation in a
sporophyte. This has been achieved for a popula-
tion ofthe royal fern, Osmunda regalis, growing in
ariver in western Massachusetts in which mutagens
are suspected (8). Sporophytes were shown to be
chimeric for two-break chromosome mutations, re-
cessive sporophytic lethals, and gametophytic mu-
tations. These mutations were shown to be post-
zygotic in origin and, at least for the chromosome
mutations, it was found that three dating periods
could be devised; prior to 6 months, 6 months to 5
years, and more than 5 years prior to meiosis. This
chronology is based upon major ontogenetic events
and how they relate to the distribution ofchimeras.
In this case they coincide with the differentiation of
pinnae on the frond and the division of the apical
cell leading to leaf primordia initials (ll).
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Fern Assay
Reconsidering the fern assay in light ofthe previ-
ously discussed requirements of in situ assays will
illustrate the areas which need further research.
Osmunda regalis is the most well studied in terms
ofthe assessment ofmutational damage and the un-
derstanding of ontogeny and dating of mutations.
Unfortunately, this fern is restricted ecologically,
whereas otherfern taxa which are much more wide-
spread ecologically and therefore potentially more
useful are practically unknown genetically. With
reference to screening aquatic habitats, species of
Acrostichum and Ceratopteris should be useful in
tropical and subtropical environments, whereas in
the eastern United States Onoclea sensibilis,
Woodwardia areolata, W. virginica, Matteuccia
struthiopteris, and some Thelypteris species all
have suitable ecologies. At the present time the
majority of these species are practically unknown
genetically (with the exception ofCeratopteris) but
since the problems involved in developing in situ
bioassays already have been outlined for 0. regalis,
the application of these ideas to these other taxa
should not be difficult. If the results of these re-
searches result in systems astractable as 0. regalis,
ferns will have a very useful role in future in situ
bioassays.
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